Abstract-A large aperture quasi-optical dielectric lens antenna for passive imaging at W-band frequency is proposed. The lens is designed to obtain best resolution at a designate distance of 3.5 m from it. The lens has biconvex aspheric surface to achieve low aberration. The initial parameters of the optical path are obtained with Gaussian beam method, and then the optical simulator ZEMAX is applied to optimize the shape of the lens which improves design efficiency greatly. A hybrid numerical method is used to analyze near field distribution of the lens, and the final design of the lens is evaluated and determined by the results. The method is the combining of ANSOFT HFSS software, ray tracing method and integration algorithm based on Huygens' Principle. It is feasible and efficient for the analysis of various lens antennas, such as large aperture lens antennas which are difficult to be simulated by commercial electromagnetic simulation software. The lens is fabricated with HDPE. Experimental results show that its 3 dB beam size is 29 mm at distance of 3.5 m, which is in good agreement with theoretical calculation. The measured patterns on the image plane show that the lens has 0.3 dB decrease of field intensity in field view of 690 mm. Imaging result shows that the lens is a good candidate for focal plane imaging.
INTRODUCTION
Millimeter wave (MMW) can pass through non-metallic materials such as plastics or cloths with little losses and be nearly totally reflected by metallic materials. This makes MMW technology favorable for security surveillance, especially for the detection of weapons concealed under peoples' clothes [1] [2] [3] [4] . Focal plane array (FPA) technology is useful for MMW imaging system due to its ability of greatly increasing the imaging frame rate [5] .
For security surveillance, the suitable distance between target and security device is 2 ∼ 4 m. Image quality will decrease because of degradation of resolution and diffusive attenuation at such a distance for a MMW imaging system. A quasi-optical lens antenna is often used to improve these problems. The critical parameters for MMW imaging system include spatial resolution (SR), field of view (FOV) and depth of field (DOF), and all these parameters are determined by the performance of lens mostly [6] . For example, the SR depends on the beam waist radius of the lens, and the FOV is decided by the beam scanning ability of the lens. The object and image distance of lens are important issues for imaging system designed for security check too.
Previous works have demonstrated various design methods of quasi-optical lens [7] [8] [9] [10] . Most of the lenses were designed on the basis of equivalent optical path condition and optimized by ray-tracing method. Such a method is quite suitable for lens which collimates wave into plane wave in its far-zone. However, for a quasi-optical lens which converges the incident divergent spherical wave to a point in its near zone, the method will not provide accurate results of some important parameters, such as the location and radius of beam waist of the lens, due to the effect of diffraction.
In this paper, a W-band quasi-optical lens antenna for focal plane MMW imaging is presented. The lens is designed to achieve beam waist radius less than 30 mm at the designate distance of 3500 mm to lens. The initial ray path parameters are calculated with Gaussian beam method, and the lens shape is optimized by optical simulator ZEMAX for low aberration. Then a hybrid numerical method is introduced to analyze the near field of the lens. HFSS software combined with aperture field integral algorithm is applied to obtain the radiation fields of the feed horns first, and then ray-tracing method is adopted for the lens part. The output field of the lens is calculated with a method based on Huygens' Principle. The numerical method is flexible and feasible for the analysis of various lenses including large aperture lens. The results of the near fields are used to evaluate the design of the lens. The lens is fabricated, and its near field patterns are measured.
OPTICAL PATH OF THE LENS
The quasi-optical lens is designed for a MMW imaging system with central frequency of 89 GHz. To obtain a spatial resolution of 30 mm in the object plane with a distance of 3.5 m, the lens need to form beam spots with half power beam width (HPBW) of 30 mm at that distance. 24 feed horns are packed on the focal plane to realize FOV of 690 mm in azimuth direction.
The field distributions at both sides of a lens can be described as Gaussian beams, as shown in Fig. 1 . The object and image planes of the quasi-optics are positioned at beam waists where minimum beam radius occurs. According to Gaussian bean method, the HPBW of the beam spot is 2.35 times of beam radius. So we can obtain that the beam waist radius in object plane of the lens, ω 01 , is 12.8 mm at distance of 3500 mm from lens.
For a focal plane imaging system, the value of beam waist radius on image plane, ω 02 , is a critical parameter. A number of receivers are closely packed on the focal plane to sample the image. The spacing between receivers depends on the HPBW of the beam spot on image plane which equals 2.35 ω 02 . Small ω 02 leads to small aperture size of the receiving antenna, and this will increase the spillover loss and reduce efficiency of the antenna. However, for large ω 02 , the image will be poorly sampled. Therefore, the value of ω 02 is a balanced result between efficiency and sampling rate in a practical system.
In this design, ω 02 is chosen to be 2.6 mm, which corresponds to half power spot width of 6.1 mm. Considering that ω 01 = 12.8 mm and S o = 3500 mm, f = 592 mm can be obtained with the following formula [11] ω 02 = ω 01
where S o is the distance from lens to object plane, f the focal length of the lens, and z c the confocal distance of Gaussian beam (z c = πω 2 01 /λ). Then the image distance S i = 712 mm can be obtained according to Gaussian beam transformation formula:
The parameters of the optical path are listed in Table 1 . 
QUASI-OPTICS DESIGN AND ANALYSIS
The quasi-optics configuration of the lens and feed antenna is shown in Fig. 2 . The quasi-optical lens is designed with biconvex aspheric surface. Such a lens has advantage of lower aberration blurring than spherical biconvex lens and plano-convex lens. The design formula of the aspheric surface is based on the conic equation which is shown as follow:
where t and z are the coordinates of the lens contours; R is the curvature radius of the aspheric surface; k is the conic constant; a, b, c, d and e are the high-order coefficients of the conic equation.
The values of the coefficients in Equation (3) are optimized to achieve low aberration by optical simulator ZEMAX. It is very convenient and efficient to design MMW quasi-optical lens by using ZEMAX. However, since ZEMAX is an optical simulator designed for lights illumination system, further simulation needs to be processed to verify the design result when it is used to design MMW lens. Near field of the lens is calculated with the numeric method described in the next section, and the radius and location of the beam waist in object space are obtained to evaluate the design. Numeric result shows that the calculated S o will be smaller than the design value in ZEMAX. For example, for lens optimized by ZEMAX with S o = 3500 mm, the calculated S o is only 3184 mm.
The final values of the constants in Equation (3) for both surfaces are given in Table 2 . The diameter of the lens is 430 mm, corresponding to 128λ at central frequency 89 GHz. Material of the lens is HDPE (high density polyethylene), which has refractive index of 1.508 and loss tangent of 9 × 10e − 4. Numeric analysis shows that S o of the lens is 3506 mm when S i = 712 mm.
As discussed in Section 1, the aperture size of the feed horn is limited to 6.1 mm. A horn with aperture size of 8.06 mm × 5.8 mm and depth of 10.4 mm was simulated and then fabricated. The horn has gain about 16.2 dB, and its 10 dB beam-width at E-plane is 50 • and 52 • at H-plane. The simulated and measured E and H-field radiation patterns at 89 GHz frequency are depicted in Fig. 3 . The coupling efficiency between the feed horn and lens is evaluated here. The field intensity distribution of a lens is usually treated as Gaussian beam which is expressed as q(r) ∝ e −[r/ω] 2 . The transformation efficiency between Gaussian beam and the radiation pattern of the feed horn f (ϕ) is depicted as follow [12] :
Since the Gaussian beam q(r) is truncated at the edge of the projected aperture of the lens, the integral extends over the range which is determined by the aperture of the lens. As we can see in Fig. 2 , ψ m = tan −1 (d/2D), where d denotes the distance between the lens and the feed horn, which means that c a is a function of d.
The values of c a at various d are calculated by MATLAB and depicted in Fig. 4 . f (ϕ) is the Epattern of the feed which is shown in Fig. 3 . The maximum value 0.947 occurs when d equals 450 mm. When the value of d increases to 712 mm, c a falls to 0.896. It shall be noted that the spillover loss has been included in formula (4) .
The feed linear array of the lens consists of 24 horns which are closely packed on its image plane.
The mutual coupling between adjacent elements is analyzed by simulating the S parameters using ANSYS HFSS. The spacing between the horns is 6.1 mm. The simulation result is shown in Fig. 5 . As we can see, S 21 is less than −28 dB within the frequency band from 75 GHz to 110 GHz.
NUMERICAL ANALYSIS OF QUASI-OPTICS
To obtain the output near field of the lens, the quasi-optical configuration is divided into three parts, and three numerical methods are used to simulate the propagation of E-field within different regions, as shown in Fig. 2 . The radiation field of the feed horn is calculated with aperture field integration method. The horn aperture is meshed and split into N triangular elements by using ANSYS software first, and each triangular element has three nodes: , y i3, z i3 ), as shown in Fig. 6 . Then the E and H fields at all of the grid nodes are calculated with field calculator of HFSS. HFSS is a popular commercial simulator which can solve complicated electromagnetic problem with high accuracy. Then the far field of i-th triangular element can be given by [13] 
where x i and y i are the coordinates of the central point P i of i-th element; S i denotes the area of i-th element; R, θ, ϕ are the spherical coordinates of field point; E ix , E iy , H ix , H iy are the E and H field components at P i , which can be approximated by
By summarizing the radiation fields of all the triangular elements, the far field of the horn is obtained. Next, ray-tracing method is processed to simulate the electromagnetic field propagating in the lens. Normally, ray-tracing method includes two steps: (1) obtaining all the ray paths based on Snell's law; (2) calculating electric fields of all rays. Considering that the circular aperture plane is the projection plane of the curved surface of the lens, we split the aperture plane into triangular elements by using ANSYS first, and the x, y coordinates of each node are given by the software. Then the value of z coordinate of each node is calculated by substituting t = x 2 + y 2 into formula (3). Thus the curved surface at illumination side of the lens is split into triangular elements, and each node corresponds to one ray.
For single lens condition, each ray path contains two nodes located on the two surfaces of the lens. The first node P 1 is meshing grid node, and the second node P 2 is the intersection point of the refracted Figure 6 . Geometry of the triangulation of the feed horn aperture. ray and second surface of the lens. The coordinates of P 2 can be calculated based on Snell's law. After the ray-tracing process is completed, the second surface of the lens is split into triangular elements by the ray paths, and P 2 is taken as the grid node.
The electric fields at P 2 is calculated with method based on Fresnel's law and the law of power conservation. The incident fieldĒ i 1 at P 1 is the radiation field of the feed which is obtained with the method mentioned above. Then the incident field at P 2 is given bȳ (8) whereĒ i 1v andĒ i 1p are the components ofĒ i 1 which are perpendicular and parallel to the incident plane respectively; T 1v and T 1p are the Fresnel transmission coefficients at P 1 ; R 12 is the distance between P 1 and P 2 ; L εr is the dielectric loss of the lens, which can be obtained as follow [14] L εr = 10 − 27. 3·R 12 20λ ·tan δ· n n−1 (9) in which n is the index of refraction, tan δ the loss tangent of the medium, and λ the wave length. DF 1 is the divergence factor of the ray and expressed as
where (ρ 11 , ρ 12 ) are the two principal radii of curvature of the transmitted wave front passing through point P 1 , and they can be calculated by the method given by Lee et al. [15] . Finally, the refracted field E t 2 can be yielded by multiplying the transmission coefficient at P 2 . Now the seconde surface of lens is subdivided into triangular elements by the ray paths, and the fieldĒ t 2 at all the nodes is obtained. Then the output fields of lens can be calculated by the method based on Huygens' Principle, which is known as Stratton-Chu formula:
Formula (11) can be expressed as follow:
in whichĒ
Δs ī
Δs i (13) where N is the number of the grid elements;r si is the unit vector in the direction from i-th element to field point; Δs i is the area of the i-th triangular element;J ei andJ mi are the equivalent current and magnetic current at i-th triangular element, which arē (14) in whichn i is the unit normal vector of i-th triangle, andĒ si andH si are the average fields of the three nodes of i-th triangular element. The electric field distribution on the optical axis and the beam pattern at the waist of the lens were calculated with the hybrid numerical method. To evaluate the effectiveness of the method, we simulated the near field of the lens using FEKO 5.5, and then both of the results were compared with the measurement results. The results of electric field distribution on the optical axis are shown in Fig. 7 . It can be seen that the numerical results are closer to the measurement results than FEKO's. The maximum power occurs at 3460 mm in numerical method, which is close to the measured value of The hybrid numerical method is very flexible and suitable for analyzing various lenses. Moreover, the method has an advantage in computational time. For the lens proposed in this paper, it takes only about 2.5 seconds to calculate the field at one field point, versus 13 seconds with the FEKO software on the same computer which has processor of core i5 with a CPU frequency of 2.6 GHz and 4 GB of RAM.
EXPERIMENT RESULT
The quasi-optical lens antenna was fabricated and measured. The quasi-optics experiment setup is shown in Fig. 9 . The transmitter was composed of a feed horn and a W-band source generator. A standard gain horn connected with a harmonic down-conversion mixer was applied as receiver, and a spectrum analyzer was used to measure and display the received power. The receiver was placed in object space, and the transmitter was placed in image space. To measure the near-field pattern of the lens, both the transmitter and receiver were fixed on mechanisms which could move in x, y, z directions.
The focal length f was tested first. The distance between the receiver and the lens was fixed at 3500 mm, and then the transmitter was scanned on the optical axis of lens. The focal point was obtained when the maximum power was observed. As we can see in Fig. 10 , the maximum power occurs at S i = 682 mm. According to the thin lens equation, the actual value of focal length f of the lens is about 571 mm, which is 21 mm smaller than the theoretical value. The difference between the measured value and theoretical value of focal length can be caused by the difference between actual and theoretical value of the dielectric constant of HDPE at W-band. Then the transmitter and receiver were positioned at S i = 682 mm and S o = 3500 mm, respectively. The beam patterns in the image plane at 84, 89, 94 GHz frequency were measured by scanning the transmitter laterally. Measurement results show that the beam patterns are similar for all frequencies, and the 3 dB beam size in the image plane is about 6.4 mm (as seen in Fig. 11) .
Further, the measurement of the beam patterns for different lateral deviations were performed. Fig. 12 shows the measured beam patterns on the object plane. The patterns correspond to the situation that the transmitter deviates the optical axis laterally 0 mm, 6 mm, 12 mm, . . . , 54 mm in the image plane respectively. As we can see, the HPBW of the beam spot is about 29 mm, and the power intensity fluctuation is less than 0.3 dB.
The quasi-optical lens was applied to the PMMW imaging system. The optical subsystem of the imaging system was composed of the dielectric lens, a 24-channel sensor array and a flapping reflector, as shown in Fig. 13 . The imaging sensor array was arranged in a line and located at focal plane of the lens to obtain a field of view of 690 mm × 1800 mm. The speed of the flapping reflector was regulated so as to realize a frame rate of 4 Hz. Imaging of concealed objects in clothes was performed in the laboratory. A thin metal in the shape of pistol was concealed under clothes of the experimenter, and a hand phone was put in his right trouser pocket. As we can see in Fig. 13 , clear images of both targets are obtained in the original MMW image, and the shapes of the targets are shown correctly. Moreover, the image of belt buckle is also displayed.
CONCLUSION
A large aperture quasi-optical lens antenna used for W-band focal plane millimeter wave imaging has been developed. The shape of the lens was optimized with commercial optical simulator ZEMAX. A flexible and efficient hybrid numerical method was introduced to optimize the design so as to obtain best spatial resolution at designate object distance. Prototype of the lens was fabricated and measured. The lens has an effective focal length of 571 mm and 3 dB beam size about 30 mm on object plane. Experimental results agrees with the numerical calculation quite well.
